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Aim of the study: Cellular resistance 
is strongly correlated with the risk 
of failure in doxorubicin (DOX) treat- 
ment, and the knowledge of the 
mechanisms of resistance and its pos- 
sible modulation is still very limited. 
Material and methods: In this study, 
we assessed the effect of 5% Selol and 
DOX on the expression of genes that 
affect cell proliferation in the resistant 
KB-V1 and sensitive HeLa cell lines, 
using RT2 ProfilerTM PCR Array matrix 
"Human Cancer Drug Resistance and 
Metabolism" (SABiosciences). 
Results: We showed that HeLa and KB- 
VI cell lines, characterised by varying 
susceptibility to DOX, have different 
genetic profiles as regards the studied 
genes. KB-V1 cells show overexpres- 
sion of MYC and BCL2 genes, which 
encode proteins with anti apoptotic 
properties. Selol, when used in KB-V1 
cells, reduced the expression of MYC 
and BCL2 genes, suggested as a new 
therapeutic target in the treatment of 
cancers resistant to cytostatic drugs. 
Conclusions: The results suggest that 
Selol could be used as a modulator 
that enhances the cytotoxic effects of 
doxorubicin, particularly in cells resis- 
tant to this drug. 
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Introduction 

Doxorubicin (DOX) is one of the commonly used drugs in the treatment 
of many cancers, including cervical cancer. Unfortunately, its effectiveness is 
often limited due to the growing phenomenon of secondary resistance. Nu- 
merous studies evaluating new therapeutic compounds or improvement in 
the activity of the existing compounds, such as liposomal doxycycline or pe- 
gylated doxycycline, testify about the search for new therapeutic solutions. 
Compounds that would increase sensitivity to known cytostatic drugs in 
cancer are also sought for. For several years, in cooperation with the Medical 
University of Warsaw (WUM), we carry out studies on 5% Selol, an organic 
compound containing selenium +IV, in the form of a mixture of selenotri- 
glycerides [1]. Intensive research to determine its anticancer mechanism of 
action is ongoing [2-5]. Earlier studies revealed that Selol enhances the cyto- 
toxic effect of doxorubicin in human cervical cancer cells (HeLa), and shows 
a cytotoxic effect in cells resistant to doxorubicin (KB-V1) [6]. An analysis 
of the effect of Selol on the expression of genes responsible for multi-drug 
resistance, performed as part of the same study, has not shown any inhibi- 
tion of overexpression of MDRfamily genes, which encode membrane trans- 
porters, in either type of cells. However, some effects were shown in KB-V1 
cells, including reduced BCL2 gene expression and increased GSTP1 gene 
expression [6]. Some authors suggest that the anti-apoptotic effect of the 
protein encoded by the BCL2 gene can be achieved, inter alia, by inhibiting 
the production of free radicals; the resulting reduction in its expression will 
have pro-apoptotic effect. This hypothesis may be confirmed by increased 
expression of the GSTP1 gene, encoding the enzymatic protein involved 
in defence against oxidative stress, observed in KB-V1 cells. These results 
suggest a putative pro-oxidative mechanism of action of Selol, consisting in 
induction of free radical formation, particularly noticeable in the resistant 
cells, characterised by a reduced defence against oxidative stress. 

As already mentioned, cellular resistance is strongly correlated with the 
risk of failure in DOX treatment; however, the knowledge of the mechanisms 
of resistance and its possible modulation is still very limited. Research aimed 
at understanding these mechanisms is still needed. 

In this study, we evaluated the effect of 5% Selol and DOX on the expres- 
sion of another group of genes, found in the RT 2 Profiler™ PCR Array matrix 
"Human Cancer Drug Resistance and Metabolism" (SABiosciences), belong- 
ing to the functional groups responsible for the cell cycle, encoding growth 
factors and transcription factors as well as hormone receptors and DNA 
repair genes in resistant and sensitive cell lines (KB-V1 and HeLa, respec- 
tively). The analysis of gene expression profile depending on cell type and 
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compound used will contribute to a better understanding 
of the Selol mechanism of action. 

Material and methods 

The material for the study consisted of human cervical 
cancer HeLa cells and its subline KB-V1 (German Collec- 
tion), cultured in EMEM (Lonza) medium (5% C0 2 , 37°C), 
supplemented with 10% FBS (Gibco). After 24 hours of in- 
cubation, DOX at a concentration of 0.29 ug/ml or DOX 
with added 5% Selol in quantity corresponding to 10 ug/ 
ml selenium were added to the culture, and incubation 
was continued for another 24 hours. The concentrations of 
DOX and Selol were selected on the basis of previous stud- 
ies [6]. The control sample was a cell culture performed 
in the medium alone (without xenobiotics). Isolation and 
purification of the isolated RNA and cDNA synthesis were 
performed according to the procedure provided by the 
manufacturer of RNeasy Mini Kit (Qiagen). Quantitative 
analysis of gene expression was performed on the RT 2 
Profiler™ PCR Array matrix "Human Cancer Drug Resis- 
tance and Metabolism" using a dedicated set of reagents 
SABiosciences RT 2 qPCR Master Mix, in a MX3005p system 
(Stratagene). Analysis of the results by the AAC T method 
was performed accordingto the instructions of the matrix 
manufacturer. 

The conditions of the experiments, materials and meth- 
ods were the same as previously described [6]. 

Results 

We compared gene expression in KB-V1 cells to the ex- 
pression determined in HeLa cells, under controlled con- 
ditions (Table 1), and after 24 hours of incubation with 
DOX, and gene expression was determined and compared 
to the expression obtained in the corresponding control 
culture (Table 2). The main objective of this study was to 
evaluate the effect of 24-hour combined administration 
of DOX and 5% Selol on the expression profile of the ex- 
amined genes. A comparative analysis of gene expression 
obtained in HeLa and KB-V1 cells, treated with these com- 
pounds, was performed in relation to gene expression in 
the corresponding control culture (Table 3). Only genes 
for which at least a threefold difference in expression was 
shown are presented in the Tables. 



Comments on the findings and discussion 

It seemed that evaluation of the expression profile of 
genes which have important functions in cell proliferation 
would be an important issue to improve the knowledge of 
the mechanism of action of Selol in both cell types. Prolif- 
eration is the result of a series of processes that occur in 
the correct order and are interdependent, known as the 
cell cycle, which is initiated and controlled by a number of 
proteins and their complexes. In this study, we evaluated 
the expression of 8 genes encoding proteins of the cell cy- 
cle: cyclin Dl and El, CDK2, CDK34, CDKN1A, CDKN1B, CD- 
KN2A and CDKN2D. Cell division is also affected by growth 
factors or nuclear hormones secreted by adjacent cells. 
From this group, the following genes encoding growth fac- 
tor receptors were studied: ERBB1, EERBB2, ERBB3, ERBB4, 
FGF2, IGF1R, IGF2R, MET, and genes encoding hormone 
receptors: AR, ESR1, ESR2, PPARA, PPARD, PPARG, RARA, 
RARB, RARG, RXRA and RXRB. The expression of genes en- 
coding the following transcription factors was also stud- 
ied: AHR, AP1S1, ELK1, FOS, HIF1A, MYC, NFKB1, NFKB2, 
NFKBIB, NFKBIE, RELB, TNFRSF11A. 

To demonstrate the differences in the genetic charac- 
teristics of the cells used in the study, a comparative anal- 
ysis of expression of the examined genes was performed 
in cells exhibiting resistance to DOX and in sensitive cells, 



Table 1. Expression profile of selected genes in the control culture of 
KB-V1 cells as compared to HeLa cells. Changes in expression (> 3) 
- increase, "i" - reduction 



are marked as follows: "T" - i 

Functional gene 
groupings 

DNA repair 
Cell cycle 

Growth factor receptors 
Hormone receptors 
Transcription factors 



KBV-1 control / HeLa control 
Gene symbol qRT-PCR fold change 



ATM 
MSH2 



ERBB3 
ERBB4 

AR 
ESR1 

MYC 
TNFRSFUA 



3.78 t 
3.76 t 



39.10 T 
25.97 t 

89.02 i 
3.91 1 

4.18 T 
3.68 t 



Table 2. The effect of DOX on changes (> 3) in the expression profile of selected genes in sensitive and resistant cell lines, as compared to 
the cells in the corresponding control culture. 



Functional gene groupings 


HeLa +DOX / HeLa control 




KB-V1+ Dox / KB-V1 control 




Gene symbol 


qRT-PCR fold change 


Gene symbol 


qRT-PCR fold change 


DNA repair - 


Cell cycle 


CDKN1A 


3.29 t 


CDKN1A 


4.05 t 


Growth factor receptors 


ERBB3 
ERBB4 


5.36 t 
4.52 t 


ERBB4 
IGF1R 


5.56 4- 
3.09 i 


Hormone receptors 


E5R1 


8.06 t 


AR 


4.18 t 


Transcription factors 


RELB 


3.68 T 


MYC 


4.16 I 



Changes in expression (> 3) are marked as follows: "t"- 



"i" - reduction 
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Table 3. The effect of DOX and 5% Selol on changes (> 3) in the expression profile of selected genes in sensitive and resistant cell lines, as 
compared to the cells in the corresponding control culture. Changes in expression (> 3) are marked as follows: "T" - increase, "I" - reduction 



Functional gene groupings 

DNA repair 
Cell cycle 

Growth factor receptors 
Hormone receptors 
Transcription factors 



HeLa + DOX + Sel / HeLa control 



Gene symbol 

XPC 

CDKN1A 

ERBB3 
ERBB4 

AR 

PPARD 
RARG 
NFKB2 
RELB 
MYC 



qRT-PCR fold change 

4.20 t 

3.97 t 

29.30 t 
9.87 t 

5.83 t 
3.01 1 
5.06 t 
5.73 t 
5.50 t 
3.38 I 



KB-V1 + DOX + Sel / KB-V1 control 
Gene symbol qRT-PCR fold change 



ATM 

CDKN1A 
CDKN2D 
CCNE1 

IGF1R 
EGFR 

AR 
PPARA 
RARG 
AHR 
RELB 
MYC 



4.40 I 

3.16 t 
4.82 T 
3.69 1 

4.03 4- 
3.11 1 

22.8 T 
6.31 i 
7 A3 i 
3,47 T 
6.40 1 
12.03 I 



cultured under control conditions (without any xenobiot- 
ic). Analysis of the results showed a more than 3-fold high- 
er expression of two genes (ATM, MSH2) from the DNA 
repair group, more than 20-fold higher expression of two 
genes (ERBB3, ERBB4) belonging to the group of growth 
factor receptors, and approximately fourfold higher ex- 
pression of the MYC and TNFRSF11A genes from the group 
of transcription factors in KF3-V1 cells as compared to 
HeLa cells. A significantly reduced expression (> 80) was 
shown for the AR gene encoding the androgen receptor 
protein, whereas the ESR1 gene encoding the oestrogen 
receptor protein showed increased expression. No differ- 
ences were observed in the expression of cell cycle genes 
in either cell type (Table 1). 

Literature data indicate that overexpression of ATM 
and MSH2 genes in a cell leads to an increased expres- 
sion of proteins involved in the detection of DNA damage 
and repair, which leadsto inhibition of apoptosis. Similarly, 
ERBB3 and ERBB4 genes belongingtothe ERBB family, and 
their expression products are involved in the processes of 
growth, proliferation, apoptosis, protein secretion, differ- 
entiation, and cell movement. They also play an important 
role in many cancer processes, where these genes often 
undergo amplification and abnormal expression, possibly 
leading to oncogenic activation. Moreover, a very potent 
proto-oncogene in cancer cells is the MYC gene, which 
encodes a protein that increases cell proliferation by af- 
fecting, inter alia, the regulation of angiogenesis [7-9]. In 
our study we found that the expression of this gene was 
4-fold higher in KB-V1 cells exhibiting resistance to DOX 
compared to sensitive HeLa cells. 

Based on a comparative analysis of gene expression 
in cells treated with DOX, in relation to gene expression 
determined in the respective control cell culture (without 
DOX), we found a varied effect of the cytostatic agent on 
the expression of the examined genes, depending on the 
cell type (Table 2). Doxorubicin caused no changes (> 3*) 
in the expression of the examined genes involved in the 



cellular DNA repair function. However, DOX caused a sim- 
ilar response in both cell types in transcription activation 
of the CDKN1A gene, encodingthe p21 protein, which is an 
inhibitor of cyclin-dependent kinases, acting as a regulator 
of the cell cycle. In the cells treated with DOX, a differenti- 
ated response was seen for genes encoding growth factor 
receptors or transcription factors; namely, in HeLa cells, 
there was an increase of ERBB3, ERBB4, and RELB gene ex- 
pression, and in KB-V1 cells, there was reduced expression 
of ERBB4, IGF1R and MYC. Increased expression occurred 
for genes belongingto hormone receptors, ESR1 and AR, in 
both HeLa and KB-V1 cells. However, a direct comparison of 
the expression of these genes in the control cells showed 
thattheir expression, excludingthe^Rgene, is many times 
stronger in the resistant cells (Table 1). Based on the above 
comparison it can be concluded that the response to DOX 
was dependent on the initial expression of these genes in 
a given cell. It can be assumed that the changes observed 
in the expression of these genes are presumably addition- 
al factors behind the differences in the cytotoxic activity of 
DOX on the tested cells, established in the first part of the 
study [6]. The reasons for this phenomenon can also be 
seen in the increased expression of another gene belong- 
ing to transcription factors, i.e. the RELB gene, which was 
only seen in the HeLa cell culture following DOX induction 
(Table 2). The RelB protein, encoded by this gene, is includ- 
ed in class II proteins of the nuclear factor kappa (NF-kB). 
In contrast to class I proteins (NF-kBI, NF-kB2) encoded 
by the NFKB1 and NFKB2 genes, the RelB proteins form 
homodimers, which lack the capacity to bind factor NF-kB, 
and thus its activation. Inactive NF-kB proteins do not 
enter the nucleus and cannot act as transcription factors 
(bind to DNA). This leads to inhibition of transcription in 
a cell and causes abnormal proliferation. 

The combined administration of DOX and Selol caused 
varied changes in the expression of many genes, depend- 
ing on the type of cell (Table 3). In HeLa cells, increased 
expression of eight genes was seen: XPC, ERBB3, ERBB4, 
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AR, PPARD, RARG, NFKB2 and RELB, and reduced expres- 
sion of only one gene, MYC. The response seen in KB-V1 
cells had the opposite direction, as the expression of the 
six genes was reduced: ATM, IGF1R, EGF1R, PPARA, RARG 
and MYC. There was an increase in the expression of three 
genes involved in the cell cycle: CDKN1A, CDKN2D and 
CCNE1, and also the AR, AHR and RELB genes. It was also 
found that following combined administration of the test- 
ed compounds, there was an opposite direction of chang- 
es in the expression of PPARD and RARG genes in the cells, 
for which no differences were found in the baseline level. 
In HeLa cells, their expression was increased relative to the 
control, whereas in KB-V1 cells their expression was clearly 
reduced (Table 3). Protein products encoded by the genes 
of the PPAR family act as transcription factors that regu- 
late the expression of target genes; they are also involved 
in the development of immune response, especially in the 
course of inflammatory response. Their activation increas- 
es lipid catabolism [10]. However, the significant increase 
in expression of the ERBB3, ERBB4 genes, seen in this 
study but only in the HeLa cells, could be associated with 
an increase in expression of the NFKB2 gene encoding the 
main activator of nuclear factor NF- B. 

An increase in expression of the AHR gene, which is 
usually inactive in the cell, was only seed in KB-V1 cells 
cultured with DOX and Selol. Under the effect of some xe- 
nobiotics, this gene can be activated, which leads to in- 
duction of enzymes participating in the metabolism and 
the formation of toxic metabolites. In the KB-V1 cells, in- 
duction of the metabolic pathway by the AHR gene is likely 
due to the lower, compared to HeLa cells, expression of 
the CYP1A1, CYP1A2, CYP2D6, G5TP1 genes, which encode 
enzymes responsible for the metabolism of drugs [6]. 

The inhibitory effect of DOX on the MYC gene expres- 
sion is well known [11]. In this study, this effect of DOX 
on the c-MYG gene was also confirmed, but in addition, 
the results suggesting an increase in this effect follow- 
ing Selol treatment seem highly promising. In the culture 
of the tested cells treated with Selol, stronger inhibition 
of the MYC gene transcription was found in KB-V1 cells. 
Probably Selol, by strong inhibition (suppression) of a very 
important oncogene, responsible, among other things, for 
angiogenesis, may potentiate the cytotoxic effect of DOX, 
causing a reduction in the proliferation of not only sen- 
sitive HeLa cells, but also the cell subline KB-V1 showing 
resistance to DOX. 

We showed in our study that the two cell lines, HeLa and 
KB-V1, characterised by varying susceptibility to the effect 
of DOX, have different genetic profiles. In the first part of 
the study, we showed a significant overexpression of the 
genes of the ABC family, the BCL2 gene and 3 genes re- 
sponsible for drug metabolism {CYP1A2, CYP2C19, GSTP10) 
in the cells exhibiting resistance to DOX, compared to the 
expression of these genes determined in HeLa cells [6]. 
In this part of the study, we also showed overexpression 
of the following genes: ATM, MSH2, ERBB3, ERBB4, AR, 
ESR1, MYC and TNFRSF11A. Based on the above summary, 
we can conclude that the differences in the genetic pro- 
file of KB-V1 cells showing resistance to DOX, compared 
with sensitive HeLa cells, are seen not only in genes that 



encode membrane transport proteins and drug-metabolis- 
ing enzymes but also those encoding proteins involved in 
the pathways associated with transcription factors and 
growth factors, playing an important role in the activa- 
tion of angiogenesis and metastasis, thus providing an 
increased proliferation of these cells. There is a number 
of literature reports on the studies of the complex inter- 
actions between different factors and cellular pathways 
that are activated by cytotoxic drugs. These mechanisms 
are very important for understanding the complex cell ge- 
nome response, as well as for determining the potential 
therapeutic targets, as well as understanding the molecu- 
lar mechanisms of action of chemotherapeutic agents. Of 
particular importance is research aimed at the discovery 
of compounds with cytotoxic activity in cells exhibiting 
multi-drug resistance [12, 13]. Recently, much work is fo- 
cused on a clear understanding of the function of the MYC 
gene because it is overexpressed in as many as about 70% 
of cancers, which leads to a state of hyperproliferation 
and cancer progression. The search for compounds having 
a regulating effect on the amplification of this gene has 
been identified as a new therapeutic target [14-19]. 

Kim et al. [20] demonstrated in their study that in- 
creased expression of c-myc protein in multi-drug resis- 
tant cells (MDR) plays a critical role in overcoming multi- 
drug resistance by TRAIL (tumour necrosis factor-related 
apoptosis-inducing ligand). The tumour necrosis factor li- 
gand that induces apoptosis is a type II membrane protein 
that belongs to the TNF (tumour necrosis factor) family, 
which acts as a specific sensitizer, adding to the cytotoxic 
effect of various compounds including doxorubicin [20]. 
Poor therapeutic outcomes are also associated with the 
treatment of refractory metastatic cancer with concomi- 
tant overexpression of c-Myc and Bcl-2. The significance of 
using these two genes as a therapeutic target in order to 
improve the efficacy of treatment strategies was explained 
in the work of Sasaki et al. [21]. By using specific inhibitors 
that block overexpression of these genes, these authors 
showed increased susceptibility to apoptosis of B-cell 
lymphoma with induced inhibition of the Bcl-2 gene com- 
pared to c-Myc. However, simultaneous inhibition of the 
expression of both these genes was preferred [22]. KB-V1 
cells used in our study showed increased expression of the 
MYC gene, as well as the BCL2 gene. The suppression of 
the expression of both genes was found in the cell culture 
with Selol; at the same time, induction of apoptosis was 
seen [6]. It is likely that sensitisation of cells to the cytotox- 
ic effects of doxorubicin by Selol is a result of its blocking 
action on the expression of both these genes. Therefore, 
Selol is an interesting potential anticancer compound, as 
it enables more effective treatment of chemo-resistant tu- 
mours. The action of Selol shown in our study is aimed 
at the currently tested new therapeutic target, related to 
damping the expression of the MYC and BCL2 genes. We 
need further research to demonstrate the activity of Selol 
as an inhibitor of these genes. Earlier studies of Suchocki 
et al. [5] showed a stronger pro-apoptotic activity of Sel- 
ol, when used at a concentration of 20 ug Se, in HL/60 
DOX resistant cells, by sensitising these cells to the cyto- 
static drug used. In this study, no increased activity of the 
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caspase family of enzymes was seen, and there was no 
significant effect on the cell cycle parameters evaluated. 
However, changes in the mitochondrial membrane poten- 
tial and lysozyme distribution were reported [5]. Olm etal. 
also reported a beneficial effect of a selenium compound 
in the treatment of multi-drug-resistant AML cells in their 
study [22], showing that selenium increases the expres- 
sion of TRxRl and GRX proteins, which could suggest its 
effect on oxidative stress. Our results, indicating the signif- 
icant changes in the expression of many genes after Selol 
treatment, leading to disruption of cellular processes and 
functions, significantly explain the mechanism of the cyto- 
toxic action of this compound in both types of cells tested. 

Undoubtedly, the mechanism of action of the new sele- 
nium compound is complex and requires further research. 
Further studies will aim to explain the effect of Selol on the 
response of genes involved in cellular stress. 

In conclusions: 

1. The HeLa and KB-V1 cell lines, used in this study, char- 
acterised by varying susceptibility to the effect of DOX, 
have different genetic profiles as regards the examined 
genes. 

2. The differences in the genetic profile of KB-V1 cells as 
compared to HeLa cells not only refer to genes of the 
MDR and CYP families, but also genes that encode pro- 
teins involved in the pathways associated with tran- 
scription factors and growth factors, as well as those 
responsible for DNA repair. 

3. KB-V1 cells show overexpression of MYC and BCL2 
genes, which encode proteins with anti-apoptotic prop- 
erties. 

4. Selol, when used in KB-V1 cells, reduces the expression 
of MYC and BCL2 genes, suggested as a new therapeu- 
tic target in the treatment of cancers resistant to cyto- 
static drugs. 

5. Selol is a potential modulator that enhances the cyto- 
toxic effects of doxorubicin, particularly in cells resis- 
tant to this drug. 
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